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In a retrospective cohort study of 18,880 full-term, cephalic singletons born in San Francisco, California, during 1976-2001, the authors used multivariable logistic regression (MVLR) and propensity score analysis (PSA) to examine the association between persistent fetal occiput posterior (OP) position and perinatal outcomes. The principles and applications of these techniques are compared and discussed. Pregnancies with OP positions at delivery were compared with those with occiput anterior positions. Perinatal outcomes were examined as adjusted odds ratios determined by MVLR and PSA and as risk differences determined by propensity score matched bootstrapping based on covariate distance. Persistent OP position was associated with operative delivery and maternal morbidity. The odds ratio estimates based on PSA were somewhat larger than those obtained with standard MVLR, and the confidence intervals were narrower. When statistical inference was evaluated with the permutation test, the results were more consistent with the PSA. These analyses demonstrate that PSA is likely to provide more precise estimates of exposure associations and more reliable statistical inferences than MVLR. The authors show that PSA can be extended with Mahalanobis distance matching to obtain estimates of risk difference between exposed and unexposed subjects that avoid violations of the experimental treatment assignment (positivity) assumption that is required for valid causal inference. labor, obstetric; pregnancy outcome; propensity score Abbreviations: CI, confidence interval; OA, occiput anterior; OP, occiput posterior; OR, odds ratio; PSA, propensity score analysis.
Editor's note: An invited commentary on this article and a related article appears on page 674, and these authors' response appears on page 678.
Persistent occiput posterior (OP) position is the most common malposition in labor (1) and has an estimated prevalence ranging from 2% to 10% (2) (3) (4) . Recent studies suggest that persistent OP position is associated with prolonged labor and increased number of operative deliveries (2, 4, 5) . Some studies propose that OP position is a manifestation of intrapartum malrotation rather than persistent malposition (4, (6) (7) (8) . In this study, we examined factors associated with persistent OP position at delivery using different analytical techniques, including traditional multivariable logistic regression analysis, propensity score analysis (PSA), and covariate distance matching.
Most studies on OP position and birth outcomes are observational in design, and observational studies may be subject to bias from uncontrolled or residual confounding (7) . Thus, consideration of confounding bias is fundamental to the design, analysis, and interpretation of observational studies attempting to estimate causal effects. Common statistical methods for controlling for confounding bias include stratification and multivariable regression analysis (8) . Although stratification is simple to perform, the trade-off is a paucity of data, which may further contribute to biased or inefficient comparisons (9) . The accuracy of the effect estimates from multivariable regression depends largely on model specification and assumes that there are no unmeasured confounders (10) , although the latter can never be proven conclusively. Therefore, the goal in analyzing observational data should be to apply techniques that provide estimates of what might have occurred if the exposure(s) had been randomized. Regression models estimate treatment effects by removing the association between the confounder and the outcome of interest and can control for multiple covariates simultaneously. However, multivariable regression analysis typically does not provide a careful examination of the joint distribution of the confounders independent of the exposure of interest (11, 12) , and this problem cannot be overcome simply with a realistically larger sample size, because of the curse of dimensionality.
To address the systematic differences in background characteristics between comparison groups in observational studies, Rosenbaum and Rubin (13) proposed a method of analysis based on the conditional probability of having a particular treatment (or exposure), given a set of observed covariates. PSA reparameterizes the entire set of potential confounders reduced to a single variable, the propensity score, which summarizes the collection of covariates into a probability of receiving treatment A versus treatment B, conditional on the joint distribution of the covariates. Thus, the propensity score approximates stratified treatment randomization, such that persons with the same propensity scores have a similar probability of either receiving treatment or being a control. This approach is particularly suitable for large observational studies with multiple confounders, since the propensity score can be treated as if it were the only confounding covariate (13) .
We sought to examine perinatal outcomes associated with persistent OP position at delivery using multivariable logistic regression analysis as well as PSA. OP position was analyzed as the ''treatment'' and occiput-anterior (OA) position as the ''control.''
MATERIALS AND METHODS
We designed a retrospective cohort study of full-term, cephalic, liveborn singletons delivered at the University of California, San Francisco, Medical Center between 1976 and 2001. Institutional review board approval was obtained from the Committee on Human Research at the University of California, San Francisco. The exclusion criteria were: multiple gestations, delivery prior to 37 weeks' gestation, cesarean delivery prior to the onset of labor, noncephalic presentation, occiput transverse position, intrauterine fetal demise, known lethal congenital anomalies, and missing information on maternal prepregnancy body mass index (weight (kg)/height (m) 2 ). All deliveries were performed by either attending physicians, clinical nurse midwives, or resident physicians with supervision.
Fetal position was reported by the delivering clinician. Fetal positions of right OP, direct OP, and left OP were designated OP, and positions of right OA, direct OA, and left OA were designated OA. Outcomes of the OP position at delivery were compared with those of the OA position. We examined the relation between fetal occiput position and perinatal outcomes using several related methods, some of which estimate ''adjusted'' odds ratios, and another method to estimate a risk difference. These techniques were utilized to highlight the important differences between methods which make strong modeling assumptions and those that adjust for confounders in a more nonparametric manner. Specifically, we estimated: 1) odds ratios using traditional multivariable logistic regression adjusting for confounders, assuming a logit-linear model; 2) odds ratios using stratified analysis of propensity score by decile; and 3) risk differences using a multivariable matching method based on a distance in covariate space (the covariate distance) with the propensity score as the distance matrix.
Method 1 (multivariable logistic regression analysis) provides a traditional odds ratio (OR), specifically
where Y is the outcome (1 ¼ yes, 0 ¼ no) and C are the confounders. Method 2 (stratification of propensity scores based on the propensity score deciles) estimates a very similar odds ratio, but only in the portion of the sample population that can be matched:
where ''matched'' indicates that the estimate is conditional on being matched. The covariates included in the PSA (derived from the complete set of subjects) are nuisance variables which need to be adjusted properly only for their confounding effects on the association of interest. The traditional multivariable logistic regression analysis completely ignores this, and thus the estimates rely on extrapolating the exposure effect into strata where there is no natural experimentationthat is, strata in which there are neither ''exposed'' nor ''unexposed'' subjects. This is an attractive feature of the propensity score matching, because the resulting estimate is only for the subpopulation that had some experimentation in the variable of interest. In our case, for some levels of C, it is empirically deterministic that the fetal occiput would be in one of the two positions, so it makes little sense to determine the effect of position within those groups. Note that we conducted simple 1:1 matching (and used a maximal distance, 0.05, meaning that any OP that could not be matched to another OA within a difference of 0.05 in propensity score was left unmatched), though many other methods of matching propensity scores are available (see psmatch2 in Stata, version 9.0 (14); Stata Corporation, College Station, Texas). This type of matching is designed to create what would have occurred in a randomized trial-that is, within PSA strata, subjects have approximately the same probability of being exposed. Finally, using method 3 (Mahalanobis distance matching with the propensity score as the distance matrix), we conducted a very similar analysis but using a distance that can be generalized to treatments with more than 2 levels, though it can be applied to the simpler binary case as well. In this covariance matrix, the distance is defined as
where P i is the (2 3 1) vector of propensity scores (i.e., for both OP and OA) of unit i (the dimension is the number of treatment groups), P j is the (2 3 1) vector of scores of unit j, and C is the pooled within-sample (2 3 2) covariance matrix of the vector of the propensity scores for each treatment (in our case, there are only 2). This can be extrapolated to any combination of continuous variables and propensity scores; and in our case, this is only introduced to suggest to the reader a more general distance than can be used, particularly when the number of treatments is greater than 2. Note that there are many ways of constructing models and post-hoc matching using the covariate distance, such as deriving the distance on the covariates directly (e.g., see D'Agostino (15)). As above, we performed a 1:1 match. Using this procedure, we estimated the risk difference (RD), or
For the multivariable logistic regression analysis, we first constructed a full model based on 18,880 subjects and carried out backward elimination (P < 0.10) with the following covariates as independent variables: parity, maternal age, body mass index, race/ethnicity, education status, marital status, insurance status, gestational age at delivery, year of delivery, induction of labor with a cervical ripening agent, oxytocin augmentation of labor, artificial rupture of the membranes, and use of epidural anesthesia. Existing literature on fetal malposition suggests that obstetric interventions such as induction of labor, oxytocin augmentation of labor, artificial rupture of the membranes, and epidural use are factors associated with malrotation and malposition (4, 16, 17) ; thus, we included these covariates in our regression model. Maternal age and body mass index were analyzed as continuous variables, and we confirmed the linearity of these covariates by plotting individually the probability of the outcomes of interest against these covariates. Interaction terms were created but not included, since they were not statistically significant. We used this same model to derive the propensity scores for the probability of having OP at delivery. While the majority (n ¼ 14,438) of the subjects had only 1 pregnancy during the study period, 23.5% of the pregnancies were repeated pregnancies. Thus, for all analyses, the inference reported accounted for the repeated measures. Specifically, for the propensity score matching methods, we estimated the 95% confidence interval using the nonparametric bootstrap, randomly sampling not observations but women (using the cluster option within the bootstrap procedure in Stata, version 9.0); and for the logistic regression analyses, we used a generalized estimating equations approach (18) with robust inference, adjusting for correlation due to repeated measures in the same women.
To illustrate the stratified PSA, we stratified the propensity scores into deciles based on rank ordering from lowest to highest, such that the model assigned approximately equal probabilities of treatment (OP) and control (OA) status within each stratum. We examined the effect of fetal position on outcomes of interest across propensity score strata to check whether interaction existed. If the outcome was free of interaction, we estimated the overall effect of OP position using propensity score matching as described above (see Appendix). If interaction did exist, we evaluated the association by graphing propensity scores against the probability of the outcome of interest, stratified by the fetal occiput position (OA vs. OP).
The primary maternal outcome of interest was mode of delivery: cesarean section, operative (forceps-or vacuumassisted) vaginal delivery, or spontaneous vaginal delivery. Secondary outcomes examined included third-or fourthdegree perineal lacerations, postpartum hemorrhage (estimated blood loss greater than 500 mL for vaginal delivery or greater than 1,000 mL for cesarean delivery within 24 hours of delivery), chorioamnionitis, and endomyometritis. Neonatal outcomes examined were 5-minute Apgar score < 7, umbilical cord arterial gas pH < 7.0, incidence of shoulder dystocia, birth trauma (including skull fracture, head lacerations, clavicular fracture, facial nerve palsy, and brachial plexus injury), and admission to the neonatal intensive care unit.
We analyzed the data using multivariable logistic regression models and controlled for the same set of confounding covariates that was used to develop the propensity score model. While Fisher's randomization test examines the sharp null hypothesis in randomized experiments, it usually is not applicable in observational studies because the distribution of treatment assignments is largely unknown. In his extension of the application of propensity scores, Rosenbaum also demonstrated that conditional permutation tests are special cases of randomization tests in which treatment assignment is strongly ignorable based on ''the conditional distribution of the treatment assignments given a sufficient statistic for the unknown parameter of the propensity score'' (19, p. 565). We employed conditional permutation tests to test the conditional independence (conditional on the confounders) of fetal position on perinatal outcomes. On the basis of the observed data, we generated a new data set with an empirical joint distribution randomly rearranged by permutation of the fetal occiput position within the strata defined by the propensity score deciles-the goal was to test the conditional independence of OP versus OA, conditional on the confounders. This step was then repeated 1,000 times, and the Mantel-Haenszel chi-squared test statistic for the new data set was compared with the observed value. Specifically, the P values generated from the conditional permutation test were compared with those generated from the PSA and the traditional logistic regression analysis. A P value less than 0.05 was used to indicate statistical significance-that is, the probability that the randomly rearranged distribution of covariates by permutation is similar by chance to that of the estimated distribution alone is less than 5%.
RESULTS
There were 18,880 full-term, cephalic, singleton births that met the study inclusion/exclusion criteria. The overall prevalence of persistent OP position was 8.4% (n ¼ 1,589). Maternal characteristics associated with OP position at delivery included gestational age greater than 40 weeks, nulliparity, maternal body mass index greater than or equal to 29, race/ ethnicity, and education status (Table 1) . OP position also occurred more frequently with labor induction/augmentation, artificial rupture of the membranes, and epidural anesthesia, and it was associated with longer first and second stages of labor and higher birth weight ( Table 1) .
The propensity scores derived from the best-fitting model were stratified into deciles, with the first decile representing the subgroup least likely to deliver in OP position (OP ¼ 2.2%) and the 10th decile representing the subgroup most likely to deliver in OP position (OP ¼ 23.4%; Table 2 ). Within each propensity score decile, the baseline covariates were balanced between the OA/OP groups (P > 0.05 for all; this fulfills an important assumption for valid stratified PSA). Further, we noted that when the propensity score was greater than or equal to 0.6, the probably of cesarean delivery became a certainty, regardless of fetal occiput position (i.e., women with a propensity score greater than or equal to 0.6 always deliver by cesarean section during labor independently of fetal position OP or OA; Figure 1 ). Thus, with a propensity score greater than or equal to 0.6, the risk of cesarean delivery equaled 1.0. Similarly, when we examined propensity scores and operative vaginal delivery, we also observed that with a propensity score greater than or equal to 0.3, the risk of operative (forceps-or vacuumassisted) vaginal delivery was 1.0, regardless of whether fetal occiput position was OP or OA ( Figure 2) . Thus, the assumption that causal inference can only be made in situations where any given covariate pattern should be associated with all possible treatments (11) does not apply to these women for such outcomes (Appendix). Therefore, we do not present a statistical test for the associations of fetal positions and cesarean delivery or operative vaginal delivery.
Based on the multivariable logistic regression analysis, OP position, as compared with OA, was associated with a 12-fold increase in odds of cesarean delivery and a 3-fold increase in odds of operative vaginal delivery (Table 3 ). The odds of various maternal perinatal complications also were increased with OP position at delivery as compared with OA when the data were examined using both multivariable logistic regression analysis and stratified PSA. The risk difference for maternal morbidity was estimated using covariate distance matching. All 3 analytic techniques showed that maternal morbidity was significantly higher with OP delivery than with OA delivery, with the largest effect being seen for cesarean section (Table 3) .
We also examined the association between fetal position and neonatal outcomes using the same 3 methods of analysis (Table 4) . On the basis of multivariable logistic regression analysis, the odds of lower umbilical cord arterial gas pH (pH < 7.0) and admission to the neonatal intensive care unit were higher with the OP position than with the OA position (Table 4) . When these neonatal outcomes were examined using stratified PSA, neonates delivered in the OP position had higher odds of having a 5-minute Apgar score less than 7 (adjusted OR ¼ 1.37, 95% confidence interval (CI): 1.02, 1.90), umbilical artery acidemia (adjusted OR ¼ 3.21, 95% CI: 1.81, 5.70), and admission to the neonatal intensive care unit (adjusted OR ¼ 1.61, 95% CI: 1.24, 2.03). While the odds ratio estimates derived from both analytic techniques were similar, a discrepancy in statistical significance (precision of the estimate of association) was seen between the 2 methods for outcomes such as 5-minute Apgar score less than 7 and birth trauma. The P values derived from conditional permutation tests were more consistent with the 95% confidence interval estimates and P values derived from PSA than with those from multivariable logistic regression (Table 4) .
DISCUSSION
The association between persistent OP position at delivery and increased risk of maternal complications was observed using all 3 analytic methods in this study. That is, the risk differences were significant when estimated by covariate matching, and the association between fetal position and maternal morbidity estimated by adjusted odds ratio was also significant when data were examined by either multivariable logistic regression or PSA. One important Abbreviations: CI, confidence interval; OR, odds ratio. a Adjusted odds ratios estimated by multivariable logistic regression analysis and propensity score stratified analysis and risk differences estimated by Mahalanobis distance matching with the propensity score as the distance matrix propensity.
b See Figures 1 and 2 for associations between propensity scores, fetal occiput position, and the corresponding outcomes of interest. c Estimated blood loss greater than 500 mL for vaginal delivery or greater than 1,000 mL for cesarean delivery within 24 hours of delivery. observation from the PSA was that those women with a propensity score greater than or equal to 0.6 always deliver by cesarean section-an observation that was not assessed in the multivariable logistic regression analysis. Thus, in this latter case, the 2 approaches led to different inferences, with the PSA being able to provide information regarding the risk of operative delivery that was not apparent using multivariable logistic regression alone. Although, using propensity score analysis, we were able to identify a subset of women who are at extremely high risk for cesarean delivery, currently we do not recommend that clinicians change their obstetric practices based on these data alone, without further studies to evaluate the risks and benefits of intervention.
Another contrast between PSA and the traditional multivariable regression analysis is that the covariates included in the PSA are nuisance variables which need to be adjusted properly only for their confounding effects on the association of interest. Thus, for those subjects who are unmatched (i.e., both levels of the exposure, OP and OA, are not observed with ''similar'' values of the propensity score), they do not contribute to the estimate. The traditional multivariable logistic regression analysis completely ignores this, and thus the estimates rely on extrapolating the exposure effect into strata where there is no natural experimentation-that is, strata in which there are neither ''exposed'' nor ''unexposed'' subjects.
In contrast to the findings with maternal complications, the inferences of the neonatal outcomes, at least in part, differed depending on the analytic method. When the risk difference between OA/OP position and neonatal outcomes was examined using covariate distance matching, none were statistically significant, except for the risk of shoulder dystocia, which was more likely to occur in OA position than in OP. While the point estimates derived from multivariable logistic regression analysis and PSA were similar, the statistical inferences from the PSA were more consistent in relation to the conditional permutation test, which is a special case of randomization in which treatment assignment is strongly ignorable based on the conditional distribution of the treatment assignments. Thus, PSA provides stronger evidence for the association between fetal position and perinatal outcomes than does multivariable logistic regression analysis. According to the PSA, fetal OP position at delivery is associated with increased odds of 5-minute Apgar score < 7, umbilical cord arterial gas pH <7.0, and admission to the neonatal intensive care unit but is protective against shoulder dystocia.
Our results and analysis address directly a fundamental goal of health outcome studies-that is, to examine the causal relations between exposure and outcome. A seemingly ubiquitous problem in epidemiology is that of confounding, a bias in estimation of the effects of an exposure on risk of an outcome due to the inherent differences in risk between exposed and unexposed persons (20) . While statistical analysis has been developed to control for confounding bias, approaches based on multivariable logistic regression may still have limitations in this regard. Typical applications examine the potential effect of confounding one covariate at a time while simultaneously controlling for the effect of other factors, but they do not control for joint confounding independent of the exposure (treatment), even if all covariates are entered simultaneously into the regression model (11) . Multivariable regression often cannot capture the hidden complexity inherent in confounding. Propensity score analysis addresses this problem by modeling the joint effects of all confounders on the exposure and uses this model to approximate what would occur in a stratified randomized controlled trial-that is, it creates a situation in which the only factor that differs between the exposed and unexposed subjects is the exposure itself, and all subjects within each stratum of propensity scores have approximately the same probability of being assigned to either exposure group. Thus, this data reduction technique attempts to overcome the curse of dimensionality, by targeting the joint distribution of the confounders that is most important-that is, the probability of receiving the treatment of interest. When the causal inference of fetal occiput position and perinatal outcomes was further evaluated with the conditional permutation tests, the P values derived from the conditional permutation tests were more consistent with the effect estimates derived from the PSA than with the effect estimates derived from the traditional logistic regression analysis.
Through the examination of OP position at delivery and its associated perinatal outcomes, we explored the utility of PSA and compared it with multivariable logistic regression analysis. In an earlier study, D'Agostino (21) reported that the approach of traditional multivariable regression for adjustment of confounding variables produces results similar to those obtained from propensity scores when sample size is sufficiently large and the outcome of interest is not rare. Although some of our results obtained from the multivariable logistic regression models were similar to estimates obtained from PSA, some were different. Given the potential advantages of PSA relative to traditional regression adjustment, we would suggest that its use be incorporated into observational studies and that further comparisons be made between PSA and more traditional multivariable techniques.
